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Bound States of 3He at the Helium-Cesium Interface
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We have measured the wetting phase diagram of *He-*He mixtures on cesium between 0.6 and
2.1 K, the pure “He wetting temperature. The surface tensions which determine the wetting behavior
are strongly dependent on the surface excess of *He. The wetting phase diagram shows that there are
bound states of *He at the Cs-He interface, analogous to the Andreev states at the liquid-vapor interface.
The binding energy of these states is approximately 2 K.

PACS numbers: 67.70.4+n, 68.45.Gd

For most of this century the binding between two he-
lium atoms was believed to be the weakest of atomic in-
teractions. Consequently, superfluid helium was expected
to wet all surfaces. In 1991 Cheng et al. [1] predicted
that because the interaction between helium and an alkali
metal could be even weaker than the helium-helium inter-
action, “He would not wet the heavier alkali metals at zero
temperature. This prediction sparked a number of studies
[2] of weak binding substrate systems. In particular, the
“He-Cs system demonstrates the complete thermodynam-
ics of a first-order wetting transition more clearly than any
other system [3].

Wetting is governed by surface tensions. At the wetting
transition the contact angle vanishes, so

Oy = Osy — Oy, (1)

where the o,p are surface tensions. The indices [, v,
and s stand for liquid, vapor, and substrate, respectively.
The interaction between the adsorbate and substrate con-
tributes to the surface tension difference on the right-hand
side of Eq. (1). The wetting phenomena displayed by the
He-Cs system are the result of the small size of this dif-
ference. A valuable feature of the He-Cs system is that
the surface tensions can be experimentally manipulated.
The substrate interaction strength can be tuned by varying
the thickness of a cesium overlayer on a strong-binding
substrate [4]. Using this technique, the right-hand side
of Eq. (1) can be varied from the weak-binding to the
strong-binding limit [5]. o, , the left-hand side of Eq. (1),
can also be experimentally controlled by the addition of
3He to the “He film [6]. Pettersen and Saam [7] have
shown that this results in reentrant wetting, i.e., wetting at
low and high temperatures and nonwetting at intermediate
temperatures. This feature has been experimentally con-
firmed [8].

The addition of *He can also affect the right-hand
side of Eq. (1). Because the minimum in the He-cesium
surface potential is so far from the cesium surface
and so weak, the He-Cs interface has been thought to
resemble the free surface of the liquid more closely
than the highly compressed liquid at a strong-bonding
surface. This viewpoint suggests the possibility of bound,
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two-dimensional >He quasiparticle states at the He-Cs
interface in analogy to the Andreev states at the free
surface [6]. Density functional calculations, in fact,
predict strongly bound 2D 3He states at weak-binding
surfaces with binding energies comparable to the Andreev
state binding energy [9,10]. If these bound states exist,
it may be possible to create films with a *He-*He->He
sandwich structure, which would be a rich experimental
system. Such deeply bound surface states should have
a profound effect on wetting properties of >He-*He
mixtures. Pettersen and Saam [7] have shown that a
measurement of the *He concentration needed to induce
wetting would both test the existence of bound *He states
at the He-Cs interface and measure their binding energy if
they indeed exist.

We present here the first complete measurements of
the wetting phase diagram of dilute solutions of *He in
“He on cesium, from 0.6 to 2.1 K. Our data confirm the
existence of bound *He states at the He-Cs interface. The
binding energy is near 2 K.

Our experimental techniques are similar to those we
used to study pure “He and have been described before
[3,11]. The cesium surfaces studied in this experiment
were made by evaporating pure cesium metal onto the
mass sensitive regions of a quartz crystal microbalance
at a rate of ~0.01 monolayer/s. The microbalance
and the vacuum can in which it was contained were
maintained at a temperature less than 6 K throughout
the evaporation process to eliminate contamination of
the highly reactive cesium surface. After the cesium
surface was prepared, the frequency shift of the quartz
microbalance measured the amount of helium adsorbed on
it with a mass resolution of 0.05 layer. A resistive heater
on the microbalance allowed it to be heated above the
ambient temperature to remove the helium film. A second
microbalance with gold electrodes was also contained in
the vacuum can. The data shown here were taken on
two different Cs substrates with identical “He wetting
temperatures of 2.09 K.

Our experiment is a measurement of the wetting
temperature, T,,, as a function of the *He concentration in
the bulk liquid, X3. All of the measurements were made
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at liquid-vapor coexistence with bulk liquid *He-*He
mixture in the bottom of the vacuum can. The frequency
shift of the oscillator was used to determine whether the
cesium surface was wet or nonwet. Hysteresis in the
frequency shift was used to determine 7,,. As has been
shown previously [3], the amount of helium adsorbed
on the cesium is hysteretic. When the wet state is
thermodynamically stable, an arbitrarily thick film of
liquid is always adsorbed. If the system starts in the wet
state and is cooled into a region where the nonwet state
is stable, the film does not spontaneously become nonwet.
Nonwetting requires the nucleation of a patch of thin film
which is energetically so costly that the metastable thick
film persists indefinitely. If the nonwet state is stable but
a metastable wet film covers the substrate, a momentary
heat pulse applied to the substrate creates a thin patch and
switches the film into the nonwet state. In contrast, if the
temperature of a stable nonwet film is changed to a region
where the wet state is stable, the film spontaneously
thickens. Because the cesium film forms an island on a
quartz surface, a thick film is always present at the edges
of the cesium. This film spontaneously nucleates the wet
state. Hysteresis loops can be generated by changing the
temperature of the experiment and applying appropriate
heat pulses to the substrate. The hysteresis loops close
at T,,.

Figure 1 shows an example of a hysteresis loop that
closes at two temperatures, demonstrating reentrant
wetting. Starting at 1.1 K the heater was pulsed to
establish the nonwet equilibrium thickness. Then the
experiment was cooled to 0.8 and returned to 1.1 K. At
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FIG. 1. Frequency shift vs temperature for wetting tempera-

ture measurement. Starting at point a with a nonwet surface,
the experiment is cooled below the wetting temperature to point
b. Because the thick film state is metastable, the surface re-
mains wet as the temperature is raised back above the transition
temperature to point ¢. The wetting temperature is identified as
the point where the hysteresis loop closes. A heat pulse applied
to the substrate moves the film from point f to point d. The
d-e-f loop locates the upper wetting temperature. The slope of
—Af vs T is due to the temperature dependence of the normal
fraction.
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each point, the temperature was held constant and the
resonant frequency of the microbalance and the pressure
were monitored until they stopped drifting. As the exper-
iment was cooled to 0.8 K, the frequency shift shows that
the film thickens, wetting the substrate. As the wet film
is warmed to 1.1 K, the film thickness diverges from its
path along the cooling curve at 0.88 K. This establishes
0.88 K as a wetting temperature and shows that the
equilibrium state is nonwet above 0.88 K. The upper
wetting temperature for this mixture, 1.73 K, was deter-
mined similarly. The pressure and the adsorbed mass on
the gold oscillator remained single valued throughout this
cycle, which demonstrates that concentration equilibrium
was maintained.

The measurement of X3 was done in two ways. At
temperatures above 1.3 K, the pressure and temperature
were monitored and the boiling curves of Sydoriak
and Roberts [12] were used to determine X;. At lower
temperatures, where the boiling pressure was too low
to be measured reliably, sufficient helium of known
total concentration was admitted to the cell so that it
was approximately 10% filled with liquid. X3 was then
calculated from the volume of the cell, the amount of
helium in it, and the total concentration. These two
measurement techniques were checked against each other
between 1.2 and 2 K and found to agree within 0.2%.

The hysteresis loops and the concentration measure-
ments are combined to give the phase diagram in Fig. 2.
Uncertainties in establishing the closing point of the hys-
teresis loops result in roughly 10 mK uncertainties in the
temperature at each measurement. These errors and ther-
mometry uncertainties, which are largest near 1.3 K in
our case, translate into concentration errors because of the
temperature dependence of the boiling curves. The error
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FIG. 2. The X; vs T, wetting phase diagram for ’He-*He
mixtures on Cs. The dashed curve is calculated from Eq. (1)
assuming no bound state at the He-Cs interface. The solid
curve is a best fit and includes a *He state at the He-Cs interface
with a binding energy of 1.95 K. In the region below the
curve the cesium surface is nonwet. Above the curve it is wet.
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bars near 1.3 K are shown in Fig. 2. The errors in the
other data points are the size of the plotting symbols.

Equation (1) defines a phase boundary which can
be compared to the data of Fig. 2. Since the liquid-
vapor surface tension o,(X3,7) has been independently
measured [13,14], and the substrate-vapor surface tension
oy, is expected to depend only weakly on 7 and Xj,
the predicted shape of the phase diagram is determined
by the behavior of the substrate-liquid surface tension,
o(X3,T). Equation (1) determines this quantity at each
data point. Unfortunately, a straightforward analysis of
this data paralleling Andreev’s analysis of the free surface
is not possible. Andreev’s analysis is based on a set
of measurements of o,(X3,T), where X; was varied
from O to 0.2 independently of 7. This allows the *He
contribution to oy to be separated from the temperature
dependence of the pure “He background. Because our
experiment determines o at only a single X; at each
temperature, we must extract the *He contribution to o,
by considering the physical processes that determine the
surface tension.

In general, there are contributions to the surface ten-
sion from two-dimensional quasiparticles at the surface
and from the three-dimensional quasiparticles in the bulk
of the material. The bulk states contribute because the
boundary conditions at the surface make changes in the
bulk quasiparticle density of states that result in contri-
butions to the thermodynamic quantities that are propor-
tional to the area [15]. The bulk excitations, phonons,
rotons, and in the case of mixtures, *He quasiparticles, are
reflected back into the liquid at either the free surface or
the He-Cs interface. As a result, we expect the bulk con-
tributions to the surface tensions at both interfaces to be
quantitatively comparable. On the other hand, we expect
the contributions from the two-dimensional excitations to
be sensitive to the details at the surface and to differ. The
two-dimensional excitations on the free surface of a he-
lium mixture are ripplons and *He quasiparticles in the
Andreev states. We expect linearly dispersed quantized
Stoneley waves to replace ripplons at the He-Cs interface.
We must also expect the effective mass and binding en-
ergy of bound states at the He-Cs interface to differ from
their values at the free surface, including the possibility
that there are no *He bound states at the He-Cs interface.

These considerations suggest that o, (X3,T) is a rea-
sonable zeroth-order estimate of o;(X3,T). The estimate
is refined by accounting for differences in the surface ex-
citations. First we subtract the ripplon part of the surface
tension [13] and add a contribution appropriate for Stone-
ley waves [16]. For finite X; we subtract the contribution
from bound Andreev states [15] and add a term of identi-
cal form, but characterized by a new binding energy and
effective mass. The effective mass and binding energy
are determined by fitting the estimate of o (X3,T) to the
data in Fig. 2 by means of Eq. (1). Our procedure differs
from that of Pettersen and Saam, who assume that oy; is

independent of temperature and equal to the zero tempera-
ture value of o7,, which has been the standard assumption
in the theory [7].

We can show that our procedure for estimating oy
is reasonable by comparing it to values of oy(0,T)
extracted from an earlier experiment. We have measured
the wetting temperature of pure “He on a gold substrate
covered with cesium films of varying thicknesses [17].
04(0,T) can be extracted from those measurements [18]
and compared with the estimate just described. First,
rewrite Eq. (1) as

A+ 5O'SI(TW) + 50-lv(Tw) - So-sv(Tw) = 09 (2)
where

A= 0-51(0) + UIU(O) - U-sv(o) = Za-lv(o)

+ [ pO)V(2) dz | 3)

6Uij(Tw) = O'ij(TW) - a'ij(O), and p(O) is the number
density of pure “He. V(z) is the adsorption potential ap-
propriate to a layered substrate [19] and z;, is the posi-
tion of the minimum in V(z). The approximate equality
in Eq. (3) is verified by the full density functional treat-
ment of the problem [1]. Since § o, (T) is negligible and
80,(T) is a measured quantity [13], Egs. (2) and (3) can
be solved for 8o, (T). The results of this procedure are
shown in Fig. 3, along with the solid line which results
from estimating o (T) as described above. Our esti-
mate is a reasonably accurate representation of the data.
In constructing V(z) we have used standard values
of well depths and van der Waals coefficients for *“He
on Au and Cs [20], except for the “He on Cs well
depth. Here we have used a value of 7.4 K. This value
is within the range spanned by other estimates of the
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FIG. 3. The temperature dependence of §o;. The solid curve

is derived from o,,(T) corrected for differences in the surface
excitations, as described in the text. The line do,; = 0 is the
Pettersen and Saam assumption. The data points are derived
from the data in Ref. [17].
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well depth [21]. The slope of §ou(T) vs T is nearly
independent of this choice for well depths within a few
K of this value. Hence, our data are inconsistent with a
temperature independent oy. Soy(T) must approach 0
with vanishing slope as T approaches 0. Our choice of
the well depth is roughly consistent with that requirement.

Applying our estimation procedure for oy to the
mixture data, including corrections for differences in the
binding energy and effective masses at the two surfaces,
generates a family of phase diagrams which can be
compared to the data of Fig. 2. The dashed curve in
Fig. 2 results from assuming that there is no contribution
to o, from bound 3He states at the He-Cs interface.
This curve grossly overestimates the nonwet portion of
the phase diagram and qualitatively shows that a positive
surface excess of *He at the cesium interface is required
to reconcile the model and the data. The solid curve is
a best fit to the data, which yields a value of 1.95 K for
the binding energy and a value of 0.73mj3 for the effective
mass of *He quasiparticle forming a two-dimensional gas
at the He-Cs interface. Statistical errors in these quantities
are roughly 0.2 K and *0.2mj3, respectively. Systematic
errors are not included in these error estimates.

The results presented here are the first experimental
consequences of the new bound state at the He-Cs
interface predicted by Pavloff and Treiner [9,10]. They
confirm the picture that a weak-binding substrate forms an
interface with liquid helium which is more like the liquid-
vapor interface than the highly compressed interface near
a typical strong binding surface.

We thank M. W. Cole, L. Nosanow, and A. Maradudin
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Grant DMR-9223775.
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